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THEORETICAL ANALYSES OF (n,xn) REACTIONS ON 235y, 238y, 237Np,
AND 239Pu FOR ENDF/B-VI

P.G. Young and E. D. Arthur

Theoretical Division, MS B243
Los Alamos National Laboratory
Los Alamos, New Mexico 87545, USA

: Theoretical analyses were performed of neutron-induced reactions on 235U,
<38, <3/Np, and 239Py beiween .01 and 20 MeV in order to calculate neutron emission
cross sections and spectra for EMDF/B-VI evaluations. Coupled-channel optical mode!
potendals were obtained for each target nucleus by fitting total, elastic, and inelastic scatter-
ing cross section data, as well as low-energy average resonance data. The resulting de-
formed optical model potentials were used to calculate direct (n.n') cross sections and
ransmission coefficients for use in Hauser-Feshbach statistical theory analyses. A fission
model with multiple barrier representation, width fluctuation corrections, and preequilib-
rium corrections were included in the anclyses. Direct cross sections for higher-lying vi-
brational states were calculated using DWBA theory, normalized using B(ER) values de-
termined from (d,d’) and Coulomb excitation data, where available, and from systematics
otherwise. Initial fission barrier parameters and transition state density enhancements ap-
propriate to the componnd systems involved were obtained from previous analyses, espe-
cially fits to charged-particle fission probability data. The parameters for the fission model
were ad;usted for each et system to obtain optmum agreement with direct (n.f) cross
section measurements, taking account of the various multichance fission channels, tha! is,
the different compound systems involved. The results from these analyses were used 10
calculate most of the neutron (n,n), (n,n’), and (n,xn) cross section data in the ENDF/B/VI
evaluations for the above nuclei, and all of the energy-angle correlated spectra. The de-
formed optical model and fission model parameterizatons are described. sgeomparisons are
given between the results of these unalyses and the previous ENDF/B-V evaluatiuns as
weli as with the available experimental data.

(Keywords: 235U, 238U, 237Np, 239Py, neutron reactions, data evaluation. nuclear mod-

cls, coupled-channel optical model, fission theory)

Introduction

We have complgwd thecretical analyses of neutron-in-

duced reactions on - 33U, 238U, 237Np, and 239Pu over the
incident energy range 0.01-20 MeV in support of the
ENDF/B-VI evaluation effort. Preliminary results from the
235U analysis were reported at the Mito Conference. [1]
The primary purpose for performing the analyses is to pro-
vide data on the reactions and energy mnges where lintle or no
experimental data exist, especially for neutron emission reac-
tions and with particular emphasis on odd-A actinides. For
most of these nuclei, neutron total and fission cross sectc.
measurements exist, [2] so that parameters in the calculations
can be optimized to those dau. Addidonally, limited elastic
and inelastic angular distribution data were lvdllbl:{ﬂ the
analyses of 233.238U and 239Pu, (3] In the case of n+237Np,
however, thero were virtually no elastc or inelastc scattering
data, only fragmentary information on (n,y) and (n,2n) reac-
tions, and no experimental data on (n,3n) reactons or sec-
ondary neutron energy distributions. The reaction that is best
described experimentally for 237Np {s fission, as new fission
ratio measurements have recently been complcted at
LAMPF/VNR [4) and Argonne. [5] For all these actinides,
prompt nubar measurements have been made over much of
the energy range of interest, but aimost no data are available
on neutron energy and angular disibudons at energies above
a few MeV. Therefore, depending on the specific nuclide in-
volved, the main function of the theoretical analyses is 10 pro-
vide total, elastic, inelastic, (n,2n), and (n,3n) cross sections,
and in all cases, the angular and energy distributions of sec-
ondary neutrons.

Iheocetical Anaivais and Reaults

To summarize the analyses briefly, coupled channel de-
formed optical mo'el calculstions were performed with the
LCIS code [6] over the incident neutron energy range from
approximately 0.001 to 20 MeV. The starting point for our

optical model analyses were usually extensions (7] of the
tentials of Lagrange. [3.8] which were then further modified
for the present analysis to improve the calculations above 10
MeV. role of the coupled-channel calculations in the pre-
sent analysis are to obtain total, elastic, and ground-suite rota-
tional-band (n,n') cross sections, and to provide neutron
ransmission coefficients for Hauser-Feshbach statistical the-
ory calculatdons.

The Hauser-Feshbach statistical calculations were per-
formed with the COMNUC (9] and ONASH {10} codes.
Both codes include a double-humped fission barmer model,
using uncoupled oscillators for the barrier representation in
GNASH and coupled or uncoupled oscillators in COMNUC.,
The COMNUC calculations include wiisth-fluctuation comrec-
tions, which are needed at lower energies, whereas GNASH

rovides the preequilibrium correctons that are required at

igher cnergles. Accordingly, COMNUC was used in the
calculadons below the threshold for second chance fission
(approximately 5 MeV), udlizing fairly srongly damped cou-
pled oscillators. The GNASH code was employed at higher
energies, using uncoupled oscillators for second and higher
chance flssion. Fission transition state specos were calcu-
lated from \nputted bandhead parameters or were constucted
by waking known (or calculated) encrgy levels and compress-
ing their srnclng by a fuctor of 2. As usual, Gilbert und
Cameron [11) phenome ological level density functions were
used to represent continuum lc vels at ground-state deforma-
tions, ;fpropﬂnely maiched 10 availai le experimental level
daw. Multiplicative faziors vere applied tw the level density
functions to account for enhancements in e fi*sion transi-
tion-state densities at barriers due to increased syymmerr:
conditions.

The fission barrier parameters for the 238U, 2VINp and
239y calculations are given in Table 1. The flssion cross
sect'ons from the calculatio' s for o'l four actimides are
compared with experimental data in Fi*. 1. The davhed
curves given in Fig. 1 for the 233U and 237Np cases illustrute
the contributions from first-, second-, and third chance
tission,



Table 1. Barrier Parameters Used in the Fission Calculations
for 238U, 237Np, and 239Pu.

n + 237Np Compound Systems

238Np  23Np 236Np 235Np
Ea MeV) 5.87 6.20 5.70 6.40
hwa (MeV) 0.31 0.85 0.50 0.85
Eg (MeV) 5.40 5.59 5.40 5.90
hog (MeV) 0.36 0.55 0.40 0.55
Density Enhancements:
BgﬁcrA 4.5 4.8 1.0 1.0
Barrier B 4.5 3.5 1.0 1.0
n + 238y Compound Systems
130y 138y 11y ey
Ea (MeV) €25 5.83 6.03 6.10
hwa (MeV) 0.75 0.50 0.50 0.50
Eg (MeV) 6.00 5.33 563 5.90
hwg (MeV) 0.50 0.50 0.50 0.50
Densiry Enhancements:
Barrier A 15. 8 1.8 1.0
Barrier B 2 2.0 1.8 1.0
n + 239Py Compound Systems
240py 139py 8py 237py
Ea MeV) 5.78 5.7 5.65 5.65
hwa (MeV) 0.80 0.63 0.9 1.00
Ep (MeV) 5.46 5.10 5.10 5.10
hwp (MeV) 0.60 0.52 0.85 0.55
Densiry Enhancements:
Barrier A 16. 1.1 1.0 2.5
Barrier B 2. 1.1 1.0 2.5

Although most of the direct reaction contribution to in-
elastic scattering is provided by the coupled-char.iel calcula-
tions of the ground state rotational bands (usually the first
three members), additional direct contributions come from vi-
brational states, generally lying at higher excitation energies.
Because of the close spacing of levels in 233U, 23'Np, and

9py, experimental informatinn on (n.n’) reactions to such
vibrational states is esseniially nonexistent. Therefore, to ac-
count for such contributions, we performed distorted-wave
Bom appro;umldon (DWBA& calculations on nearby even-
even nuclei (234,238, 238.240py,), using reduced transition
probabilites Bu:!) from (d.d") and Coulomb excitadon mea-
surements [12] to obtain absolute (n,n') cross sections, and a
weak t.ouplmg model {13] to apply the results 1o states in
235U, 2Y7Np, and 239Pu. The srongest transitions observed
in the (d d) ‘measurements involve population of 3 and 2*
vibrutional siates, corresponding to angular momemum
transfers of 2=3 and =2, restpecnvely For 2 \B'Uthe
deformai'on parameters needed for normalizing the D
calculatiuns were estimated from sysiematics, that is, the
required B{E2) and B(EJ) vnueg wsre estimated from those
determined in :he snalyses for 8U and 239Py, and all
the 2=2 and 2«3 vibrational strength was plnced lnto wo
fictitious states near Ex = ! MeV. In the case of 233U, the
sum of (n,n’, cross sections calculated from the dominant
R«3 and R=2 transitions amounted to approximately 10% of
the coupled-channel direct reactions at a neutron energy or 3
MeV, 30% at 8 MeV, and 23% at 20 MeV. While these
direct contributions are not large, they do lead to a hardening
of the inelastic neutron spectrum that should be included in
the ENDF/B-VI evaluations. All the DWBA calculations
were perfonred with the DWUCK code.(14]

As stated above, very limiied experimental data exist for
clastic scattering, inelastic scattering. and (n.xn) cross sec-
tions for the odd-A actinides, and some of the data that do
exist are discrepant. _ In Fig. 2 clastic scattering angular dis-
trburicns from the 239Pu anaiysis are compared 10 experi-
inental data and 10 eariler ENDF/R evalustions at a few inci-
dent energles.
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Fig. 1. Calculated and meﬂumd neutron- Induced fisvion
cross sections for 237Np, 238y, and 239Py from ap-
proximately 30 keV lo 20 MeV. The noints
represent experimental data? and the curves are the
results of our theoretical '“'i%’v‘ The dashed and
dotted curves shown for Np represent the
calculated contributions from first-, second-, and
third-chance fission.
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Fig. 2. Experimental and calculated elastic scanering angular
distributions for n + 239Py at incident neutron ener-
gies of 1.302, 1.565, and 4.0 MeV. The dashed and
dotied curves represent previous ENDF/B-V.2 and
ENDF/B-V.0 avaluations, respectively,
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Comparisons between exnerimental data and results
trom the present calculations of the 239Pu(n,n') and
139py(n,2n) cross sections are given in Fig. 3. Also shown
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Fig. 3. Calculated and measured n + 23%Pu inelastic scauer-
ing and 239Pu(n,.2n)2’%Pu cross sections. The
dashed and dotied curves represeat previous
ENDF/B-V.2 and ENDF/B-V.0 evaluations,
respectively.

are the previous ENDF/B-V.0 and ENDF/B-V .2 evaluations
of these reactions. The present analysis leads to significant
improvement in the (n,2n) cross section 1n the 8-15 MeV
region, although discrepancies in the data are apparent. The
influence of better accounting for direct reacticns results in a
somewhat higher (n,n") cross section than the previous
ENDF/B-V .0 evaluauon, particularly at higher energies.

Conclusions

_ In conclusion, the present analyses result in substan-
tially improveqd agreement wish the available data for the ma-
jor odd-A actinides. Except for the fission and toral cross
sections, which are accurately determined from experiments,
results from the present analyses are being used in the MeV
region for all major cross sections, angular and cncrqy distri-
qugnons in the ENDF/B- VI evaluations for 235U, 237Np, and
EJHPU' Because more experimental data are available for n +

U reacuons, we have used covariance analyses of the ex-
perimental data as well as previous ENDF/B-V analyses of
dara to represent the cross sections for several of the 238U re.
actions, mainly utilizing our theoretical results for continuum
neutron energy and an 2ular distributions.
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